Naphthenic acids (NAs) have been implicated as some of the most toxic substances in oil sands leachates and identified as priority substances impacting on aquatic environments. As a group of compounds, NAs are not well characterized and comprise a large group of saturated aliphatic and alicyclic carboxylic acids found in hydrocarbon deposits (petroleum, oil sands bitumen, and crude oils). Described is an analytical method using negative-ion electrospray ionization mass spectrometry (ES/MS) of extracts. Preconcentration was achieved by using a solid-phase extraction procedure utilizing a crosslinked polystyrene-based polymer with acetonitrile elution. Recovery of the Fluka Chemicals NA mixture was highly pH-dependent, with 100% recovery at pH 3.0, but only 66 and 51% recoveries at pHs 7 and 9, respectively. The dissolved phase of the NA was very dependent on sample pH. It is thus critical to measure the pH and determine the appropriate mass profiles to identify NAs in natural waters. The ES/MS analytical procedure proved to be a fast and sensitive method for the recovery and detection of NAs in natural waters, with a detection limit of 0.01 mg/L.
N aphthenic acids (NAs) are a complex mixture of aliphatic and alicyclic carboxylic acids with the general formula given in Figure 1 , where n is usually from 0 to 6 (as n > 6 constitutes a very minor part of the acid content) and m ³ 0 (1-3). They are completely soluble in organic solvents and have water solubilities that are pH-dependent. Typical pKa values for NA components are between 5 and 6. NAs are represented by the general formula described by C n H 2n-z O 2 , where n indicates the carbon number and z represents the number of hydrogen atoms that are lost as the structures become more compact. The z value is equal to 0 for saturated linear hydrocarbon chains, and changes to 2 in monocyclic NAs, 4 in bicyclic, 6 in tricyclic, and so on. The polarity and nonvolatility of NAs increases with molecular weight, giving individual compounds within the NA group with varying physical, chemical, and toxicological properties (3-5).
Surface water systems may be contaminated with NAs via several mechanisms including groundwater mixing, riverbank erosion, and crude oil refinery effluent release. Of the possible environmental receptors (i.e., air, soil, and water), the most significant NA concentrations are found in water due to direct contact with oil sands material (3-7). Concentrations of NAs found in northern Alberta rivers unaffected by oil processing effluents are generally below 1 mg/L, but may be as high as 110 mg/L in tailings waters. Natural groundwater levels in the region range from <4 mg/L in near-surface aquifers to >55 mg/L in basal and limestone aquifers (3).
NAs are environmentally significant because they are toxic to aquatic algae and other microorganisms and are suspected endocrine-disrupting substances (EDSs; 3). Water from oil sands processing has been shown to be acutely toxic to aquatic organisms (LC 50 <10%, v/v, for rainbow trout; 8) and mammals (oral LC 50 = 3.0 g/kg body weight; 9). Further mammalian evaluations (including rats, dogs, and rabbits) showed increased vascular permeability in capillaries, notable effects on the formation of red and white blood cells and platelets, and an efflux of potassium from cells causing first stimulation then inhibition of cellular respiration (6, 10) .
In view of the fact that NAs occur as a complex mixture of compounds in the environment, there has not been conclusive identification of which specific compounds are the most toxic and/or corrosive; toxicity does not always correlate directly with the concentration of NAs. The presence of NAs in crude oils is of concern due to their corrosivity to refinery units and, thus, they have been the focus of remedial activities in oil sands refining (3, 4, 10, 11).
Owing to the prevalence and toxicity of NAs, there has been growing interest in recent years to develop sensitive and robust analytical methods to study the fate and transport of NAs in the environment and to evaluate the feasibility of using NAs as biological markers (6, 12) . Although NAs were first reported as oil sands components during the late 1960s, environmental assessment of NAs has been hampered due to a void of published analytical methods (13) . This lack of methodology is due to the complexity of the mixture, the lack of suitable extraction techniques, and the lack of detection sensitivity. To date, quantitation has been achieved with infrared methods, while fast atom bombardment mass spectrometry (FAB/MS) or gas chromatography (GC)/MS with derivatization methods have been used for qualitative analysis (1, 3, 14) . Other unpublished methods used by Syncrude Canada (Ft. McMurray, AB, Canada) include adaptation of Fourier transform infrared (FT-IR) spectroscopy for quantitative analysis of NAs.
In this work, we discuss the utility of electrospray ionization with MS detection (ES/MS), as well as the development as a fast and robust solid-phase extraction (SPE) procedure for the determination of NAs in natural waters.
Experimental

Chemicals
Two NA mixtures were studied using negative-ion ES/MS. These included a standard mixture from Fluka Chemicals (Fluka, Sigma-Aldrich Canada, Inc., Oakville, ON, Canada) and an acidic fraction obtained from the tar sands of the Syncrude processing operation. During the refinery process, the acidic compounds, including NAs, are extracted from the crude oil using a caustic scrubbing technique (3, 7).
Standard Preparation
Commercial NA standards were prepared at 4 pH values (3, 5, 7, and 9) in Milli-Q water using the Fluka NA compounds to evaluate the effect of pH on ES/MS mass profiles. Saturated solutions were prepared by suspending 3-4 drops of the Fluka NA in 100 mL phosphate (BDH, Inc., Toronto, ON, Canada) buffered Milli-Q water and gently agitating overnight. Calibration was established using a set of 4 standards prepared from the pH 7-saturated NA stock solution using appropriate dilutions with Milli-Q water. The concentration of saturated stock was determined prior to dilution by comparison with standards prepared in acetonitrile (LC grade, BDH, Inc.).
Standards of the Syncrude tar sand acidic fraction were used to determine the expected mass profile of NAs in water samples located near refinery sites and to measure recovery of the extraction procedure. Saturation was not achieved with this NA fraction because the caustic hot water flotation process required for the refinery process had solubilized the NAs into sodium salts. Two sets of 4 standards were thus prepared at pHs 9.2 and 11.3 by measuring 1 mL of the Syncrude acid fraction into 100 mL phosphate buffer and making the necessary dilutions with Milli-Q water. Final pHs were achieved with additions of phosphoric acid (BDH, Inc.).
To evaluate the recovery of NAs in natural waters, both Fluka and Syncrude NA standard solutions were used to spike South Saskatchewan River (near Saskatoon, SK, Canada) water and northern Alberta river water samples. This has proven to be a critical step in the method development as natural waters contain dissolved organic carbon (DOC) of similar chemical and physical properties to the NAs.
Sample Extraction
Water samples were collected from several northern Alberta rivers located near crude oil refineries in the Fort McMurray area. In addition, samples from the South Saskatchewan River water, with a known low DOC content (ca 3.5 mg/L year round), were collected at Saskatoon, SK, Canada, for use in determining the effects of natural DOC on extraction efficiency and the detection limit of the NAs. A DVB-(divinyl benzene) supported sorbent (ENV+, IST, Hengoed, UK) was used for SPE. Triplicate water samples of 1 L were extracted using the SPE procedure summarized in Figure 2 . In brief, for each spiked river water sample, a 200 mg Isolute ENV+ cartridge was conditioned with 10 mL methanol followed by 10 mL Milli-Q water under gravity flow. The sample was acidified to pH 3 with formic acid (Fluka, Sigma-Aldrich Canada, Inc.) to maximize recovery. A specified volume of this acidified sample containing 5 mL/L methanol (LC grade, Fisher Scientific, Edmonton, AB, Canada; also to aid recovery) was drawn through the cartridge under vacuum suction at a rate of 10 mL/min. The cartridge was rinsed with 10 mL Milli-Q water under gravity flow (this step proved useful for desalting the extract and removing residual phosphate buffer) and subsequently dried under vacuum for at least 30 min. The sorbed NAs were eluted using 6 mL acetonitrile by gravity flow into a graduated test tube and the extract evaporated with dry N 2 gas (HP grade) to 1 mL total volume. ES/MS analysis was performed on this extract with no further cleanup or derivatization steps.
Instrumental Conditions
Analysis was conducted using an AutoSpec Q mass spectrometer (Micromass, Manchester, UK) equipped with an ES interface operating in the negative ion mode. MS conditions were as follows: source temperature, 80°C; cone voltage setting, 23 V; ring electrode setting, 17 V; needle voltage setting, 56.2 V; nebulizer gas, N 2 at 15 L/h; bath gas, N 2 at 200 L/h. Resolution was tuned to 1200 and the detector set to 415 V. Quantitative analysis was performed using full scan data. A Phoenix 20 (Fisons, Mibno, Italy) syringe pump was used for eluent delivery at a flow rate of 200 m L/min, with a post-column split allowing 30 m L/min to the ES source. The eluent consisted of acetonitrile-water (50 + 50) plus 0.5% ammonium hydroxide. Loop injection (10 m L) was performed using a Rheodyne 7125 injector (Cotati, CA).
Results and Discussion
Effects of pH on the Solubility of NAs in Water
The fraction of dissolved NAs in natural water sources is dependent on the pH of the water. At pH 3.0 (Figure 3a) , the main soluble components are noncyclic NAs (n = 0 in Figure 1) as confirmed by GC/MS analysis of derivatized extracts. Other components (i.e., cyclic NAs) become more soluble as the pH increases, as shown in Figure 3b . At pH 7 and above, the most representative solubility is reached; further pH increases do not change the mass profile significantly as illustrated in Figures 3c and d . However, the total ion abundance increases by 37% from pH 7 to 9, reflecting that the relative total solubility of the NA mixture is dependent on higher pH values. This correlates well with the caustic scrubbing procedure used by the refining process (3, 7).
It is thus critical to measure the initial sample pH which determines the expected mass profiles to identify NAs in natural waters. This is an essential step to determine the most suitable ions for selected-ion monitoring (SIM) analysis.
The mass profiles of the 4 Fluka NA standard solutions indicated that the extraction efficiency (based on m/z = 237) for solutions of both 0.1 mg/L acetonitrile and buffered solutions was best at pH 3.0, with approximately 100% recovery. At pHs 7 and 9, recoveries were 63 and 50%, respectively. In unbuffered Milli-Q water, extraction efficiency was 79%.
Calibration for Quantitative Analysis
To obtain a representative calibration, curves were constructed using the area summation of the 5 major NA ions present (namely m/z 205, 223, 237, 251, 265) in the full scan mass spectra shown in Figure 4 . At the resolution used in the collection of the continuum mass spectra, all peaks were base-lined, resolved singlets. No correction was therefore needed for calibration.
Linear calibration curves (r 2 = 0.9998) were obtained from analysis of both Fluka and Syncrude mixtures with NA concentrations of 10 through 100 mg/L. Limits of detection (LOD) of the NA mixtures in 500 mL water samples using the SPE procedure were calculated to be 0.01 mg/L using 3´sig-nal-to-noise ratio. However, the LOD may be increased significantly in the presence of high amounts of other DOCs in the matrix, as seen in Figure 5 .
Natural River Water
To determine the extraction efficiency of the Syncrude NA mixture, 500 mL water samples were spiked in duplicate to contain 0.16, 0.02, and 0.01 mg/L of the Syncrude NA prior to SPE. Mean recoveries were 87, 114, and 120%, respectively, for each of the concentrations, with corresponding RSD values of 9, 13, and 15%, respectively. As shown in Figure 5 , mass interference was problematic in those northern Alberta samples that contained high levels of DOC (10 to 20 mg/L) with masses in the same range as the NA standards.
In contrast, for Syncrude NA spiked at 10 to 150 m g/L in South Saskatchewan River water (DOC approximately 3.5 mg/L), there was little mass interference for extractions performed at pHs 3 and 5. Both NA extraction efficiency and resolution of the NAs and DOCs were best at pH 3. Overall, samples with low to moderate DOC levels (2 to 5 mg/L) could be analyzed with reproducible recoveries, as shown in the mass spectrum given in Figure 6 .
The extraction and ES/MS procedures were applied in a preliminary investigation of 8 surface water samples from northern Alberta rivers and the South Saskatchewan River. Ambient NAs in these samples were found to be below the detection limit (<0.01 mg/L).
Research is continuing to explore the use of liquid chromatography and high resolution MS to separate NAs from interfering substances in the natural water samples, and to extend the methodology to similar method development for soils and sediments. The latter is needed to provide a more detailed picture of the fate and transport of NAs in the environment.
Conclusions
The ES/MS method proved to be a simple procedure for the quantitative analysis of NAs. The method was amenable for studying these oil refinery-associated acidic compounds at a detection limit of 0.01 mg/L. While full scan data was used in order to monitor and characterize the complete mass profile of the NAs, it is noted that the detection limits could be reduced significantly using SIM. For application to SIM, the pH dependence of the dissolved NA fraction must be accounted for in choosing suitable ions for quantitation and confirmation of the NAs. However, as co-extractives such as humic and fulvic acids interfere with the detection of NAs, the application of this procedure is limited to natural waters with relatively low to moderate concentrations of DOC or with masses that are beyond the NA mass envelope range. 
